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Abstract  
As a minor-metal free positive-electrode active material for use in rechargeable lithium batteries, a polycyclic quinone fused by a 
sulfur-containing dithiin ring, dibenzo[b,i]thianthrene-5,7,12,14-tetrone (SPT), was investigated. The prepared electrode in which 
the SPT was incorporated shows an initial discharge capacity of 231 mAh/g which corresponds to a four-electron transfer 
reaction of the SPT molecule. The average discharge potential of 2.6 V vs. Li+/Li for the SPT-electrode is 0.4 V higher than that 
of a previously reported cyclic quinone fused by a benzo-ring, i.e., 5,7,12,14-pentacenetetrone (PT). The effect of introducing 
saturated sulfur atoms into a polycyclic quinone skeleton is discussed along with the results of the DFT calculation, and a guide 
for designing an organic molecule which can satisfy both a high discharge potential and long cycle-life requirement is suggested. 
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1. Introduction 
In the current rechargeable lithium battery system, minor metal-based positive-electrodes are typically used; 
therefore, developing minor metal-free and low-polluting safe positive electrode materials is more desirable because 
of the increasing concern about their limited resources and environmental burden. The use of redox active organic 
compounds as a positive-electrode active material has recently attracted attention, since these organics contain no 
scarce metal resources, and they tend to show a high capacity due to their multi-electron transfer redox reactions [1–
3]. Several types of organic positive-electrode active materials have been proposed so far. Among them, we have 
focused our attention on a series of crystalline quinone-based materials [4–11]. Many quinone-type crystalline 
compounds show high utilization ratios during the initial charge/discharge cycles [4–12]; however, their discharge 
capacities often notably decrease upon cycling. One of the reasons for this capacity decay is considered to be the 
dissolution of the organic active materials into the electrolyte.  
We have previously reported that expanding the π-system in a quinone molecule can effectively suppress the 
dissolution level of the active materials in the electrolyte solution, which improves the cycle-stability [8,9]. For 
example, a large polycyclic quinone derivative, 5,7,12,14-pentacenetetrone (PT, C22H10O4) (Fig. 1a), which has a 
pentacene-based planar structure, shows a better cycle-stability than a medium-sized polycyclic quinone, 9,10-
anthraquinone (AQ, C14H8O2) containing an anthracene-type plane. However, enlarging the π-system generally 
lowers the discharge potential of each molecule, which results in reducing the energy density. To this point, we have 
investigated several polycyclic quinone derivatives, and discovered that fusing a quinone skeleton by a sulfur atom 
does not lower the discharge potential. In this study, dibenzo[b,i]thianthrene-5,7,12,14-tetrone (SPT, C20H8O4S2) 
(Fig. 1b), a planar polycyclic quinone having a dithiin ring moiety [13], was synthesized as a model of a sulfur-fused 
large quinone, and its battery performance was compared to that of a similar-sized quinone, PT. The effect of 
introducing sulfur atoms into a quinone skeleton on the charge/discharge potential was discussed along with 
considering quantum chemistry calculations.  
 
 
 
 
Fig. 1. Chemical structures of (a) 5,7,12,14-pentacenetetrone (PT) and (b) dibenzo[b,i]thianthrene-5,7,12,14-tetrone (SPT). 
 
 
2. Experimental 
2.1. Materials 
Dibenzo[b,i]thianthrene-5,7,12,14-tetrone (SPT) was synthesized by the reaction between rubeanic acid and 2,3-
dichloro-1,4-naphthoquinone (Tokyo Kasei. Corp.) as described in the literature [14]. The purity was checked by a 
1H-NMR analysis. Its density was calculated to be 1.6 g/cm3 from the crystallographic data [13]. The other reagents 
including the components of the electrolyte solution were purchased and used without further purification.  
PT SPT
(a) (b)
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2.2. Preparation of electrodes and cells 
The powders of the organic active materials, polytetrafluoroethylene and acetylene black were mixed in the 
weight ratio of 4:1:5 to prepare a positive-electrode composite sheet. The sheet was then attached on an aluminum 
mesh current collector. The amount of the organic active material was adjusted to be about 3 mg per electrode. Coin-
type cells (IEC R2032) composed of the prepared positive-electrode, a lithium metal negative-electrode, and a glass 
filter separator were assembled with the solution of lithium bis(trifluoromethanesulfonyl)amide / triglyme (1 M, 0.2 
mL) in a low dew point (< −70°C) atmosphere. 
 
2.3. Battery test 
The prepared cells were initially discharged at the constant current density of 20 mA per gram of the organic 
active material with a cutoff potential of 1.5 V vs. Li+/Li. The following charge/discharge cycle was conducted at 
the same current density with a potential range of 1.5–3.5 or 1.5–4.0 V vs. Li+/Li. A galvanostat system (BLS series, 
Keisokuki Center Co., Ltd, or ABE system, Electrofield Co., Ltd) equipped with a thermostatic chamber at 30°C 
was used for this measurement. In this article, the capacities are expressed in terms of the mass of the organic active 
material in the electrode.  
 
2.4. Quantum chemistry calculations 
Quantum chemistry calculations based on the density functional theory (DFT) were carried out using the 
GAUSSIAN 03W program [15] along with the Gauss View 3.0 software [16]. The geometries of the monomer 
states were optimized by using a hybrid functional of B3LYP [17,18] with a basis set of 6-31G(d). The electronic 
structures of the crystalline states were estimated using the crystallographic coordinates [13] at the same B3LYP/6-
31G(d) level under the periodic boundary condition (PBC).  
 
 
3. Results anddiscussion 
3.1. Initial discharge behavior 
Fig. 2 shows the initial discharge curves of the electrodes incorporating PT and SPT. The discharge curve of the 
PT-electrodes consists of three plateau potential regions at around 2.6, 2.4, and 2.0 V vs. Li+/Li. That of the SPT-
electrode has two plateau potential regions at around 2.9 and 2.0 V vs. Li+/Li. The observed multiple-stage discharge 
behavior reflects the multi-electron-transfer cathodic reaction of these compounds in each electrode. The observed 
discharge capacities of 278 and 231 mAh/g for the electrodes using PT and SPT, respectively, are close to their 
theoretical values of 317 mAh/g(PT) and 285 mAh/g(SPT) based on assuming a four-electron transfer reaction per 
molecule as described in Fig. 3. As for the discharge potential, the SPT-electrode exhibits a higher value than the 
PT-electrode over a wide range of the discharge process, and the average potential of 2.57 V vs. Li+/Li for the SPT-
electrode is 0.35 V higher than the value of 2.22 V vs. Li+/Li for the PT-electrode.  
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Fig. 2. Initial discharge curves of the SPT-electrode (―) and the PT-electrode (---).  
 
 
Fig. 3. Four-electron redox reactions of (a) PT and (b) SPT. 
3.2.  Cycle-life performance 
Fig. 4 shows the result of a cycle-life test for the SPT-electrode along with that of the PT-electrode. Whereas the 
capacity of the PT-electrode quickly drops during cycling as often observed for low-molecular-weight active 
materials [4–12], the SPT-electrode performs better. The SPT-electrode is relatively stable during the initial 14 
cycles; 86% of the initial capacity at the 14th cycle. While it decreases thereafter, it maintains a capacity of 
68 mAh/g (28%) after 50 cycles.  
As we previous reported, small quinone derivatives easily dissolve in the electrolyte solutions during cycling, 
which results in a poor cycle-life. Enlarging the molecular plane can indeed suppress the dissolution and effectively 
improves the cycle stability; however, it often lowers the potential as explained in the introduction [8,9]. In the 
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present study, the electrode using SPT shows a relatively stable cycle performance compared to some smaller 
quinone derivatives [5,6,8,9], although the observed cycle performance of the SPT-electrode is still far from use in 
practical applications. What is noteworthy in this result is that the operating potential is not lowered by extending the 
molecular plane using a sulfur-containing ring. Such details are described in the discussion section. 
 
 
Fig. 4. Cycle-life performance of the prepared electrodes (○: SPT, *: PT). Potential range: 1.5–4.0 V vs. Li
+/Li for the SPT-electrode, 1.5–3.0 
V vs. Li+/Li for the PT electrode. 
 
3.3. DFT calculations for monomers 
As a theoretical approach to the electrochemical properties of SPT, a DFT calculation was carried out. First, the 
SPT monomer was calculated. Fig. 5 shows the optimized structure of the SPT. The DFT calculation suggested a 
planar structure (Fig. 5b) which is similar to the reported crystallographic analysis data [13]. 
 
 
Fig. 5. Optimized structure of the SPT monomer. (a) Top view and (b) side view. 
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Next, the electronic state of the SPT monomer was compared to those of naphthoquinone (NQ) and PT. Fig. 6 
shows the shapes of some obtained orbitals (LUMOs and NLUMOs) along with the energy diagrams. These 
molecular orbitals are delocalized over the π-system of the molecules and have π-characteristics. Especially, the 
shapes of the orbitals of SPT and PT seem similar; however, their energy levels differ; i.e., the LUMO and NLUMO 
of SPT are both lower than those of PT. The energy differences are 0.2 eV and 0.6 eV for the LUMOs and NLUMOs, 
respectively, which means that SPT should exhibit a 0.4 V higher potential than PT. This calculation is in agreement 
with the discharge potential difference of 0.35 V between the electrodes using PT and SPT.  
The LUMO of PT is 0.2 eV lower than that of NQ. The NLUMO of PT, in contrast, is 0.6 eV higher than the 
LUMO of NQ, which should result in a lower net redox potential for PT than that for NQ. On the other hand, the 
LUMO level difference between SPT and NQ is very small (< 0.02 eV), and the NLUMO of PT is 0.6 eV lower than 
the LUMO of NQ, which implies a higher redox potential for SPT than that for NQ. 
 
 
 
Fig. 6. The calculated energy diagrams of NQ, PT, and SPT and their calculated LUMOs and NLUMOs.  
 
3.4. Electronic structure of the crystalline state of SPT 
Fig. 7 shows the crystal structure of SPT [13]. In the crystal, the SPT molecules are one-dimensionally stacked by 
a π–π interaction to form a columnar structure, which is also prominent in the organic active materials previously 
reported by us. The mean intermolecular distance in the SPT column is 3.41 Å which is slightly larger than that of 
the PT column (3.38 Å). In either case, the intermolecular distances are close to the interlayer distance of graphite 
(3.35 Å). 
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Fig. 7. Crystal structure of SPT (Crystallographic parameters, Crystal system: triclinic, Space group: P-1, a=4.731(2) Å, b=7.763(3) Å, 
c=11.037(6) Å, α=97.09(4)°, β=95.01(4)°, γ= 98.60(3)°) [13]. 
 
 
As the electronic state of the crystal, the density of state (DOS) was calculated along the π-stacked column of SPT 
(Fig. 8). The energy levels of some orbitals expand owing to the overlapping of the orbitals, forming electronic band 
structures. The band at around −4 eV originates from the LUMO of the monomer. During the discharging 
(reduction) process, electrons can flow into the interior of the crystals along the electronic band [4–11]. The 
mechanism of the electronic and ionic conductions in the crystals has not yet been experimentally revealed; however, 
the formation of this electronic band structure can partially explain the high utilization of the electrodes for the 
quinone-based low-molecular-weight materials having a stacked structure in their crystals. 
 
Fig. 8. Calculated density of state (DOS) along the π-stacked direction in the crystal of SPT. 
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4. Discussion 
As explained in the introduction, π-conjugated large quinone derivatives tend to show low discharge potentials 
compared to the smaller quinones. In the DFT calculation section of monomers (§3.3), the energy levels of the 
orbitals of PT and NQ was first compared, because PT is considered to be a dimer of NQ fused by the benzo-ring. 
The calculation indicates that the energy level of the NLUMO of PT is higher than the LUMO of NQ, which is 
considered to be due to the effect of the introduced benzo-ring. On the other hand, the energy level of the NLUMO 
of SPT, which is a dimer of NQ fused by a sulfur-containing dithiin ring, is not significantly affected by the ring-
fusion. The incorporated sulfur atom has an sp3-type saturated structure and it should have the ability to separate the 
conjugated π-electrons of the NQ moiety. This characteristic of the sulfur atom suppresses the energy level increase. 
As for the LUMO of SPT, the energy level is lower than that of NQ, probably due to the electron withdrawing effect 
of the sulfur atom via the σ-bond and/or the interaction between the orbitals of the NQ unit and the introduced 
dithiin unit, which is a favorable effect because it can increase the discharge potential of the molecule. To more 
clearly understand the sulfur-fusing effect, some benzoquinone oligomers fused by the dithiin ring were additionally 
calculated and compared to the benzo-fused ones. In this case, a similar tendency in the energy level change was 
again observed; therefore, introducing the dithiin ring is surely an effective way to maintain or increase the discharge 
potential of the quinone-based active materials. 
 
5. Conclusions 
In this study, the applicability of the redox reaction of a sulfur-containing polycyclic quinone, dibenzo[b,i]thian-
threne-5,7,12,14-tetrone (SPT), was examined as a positive-electrode active material for rechargeable lithium 
batteries. The electrode incorporating SPT showed a more stable cycle life performance than the electrode using the 
similar sized benzo-fused quinone, 5,7,12,14-pentacenetetrone (PT). Furthermore, a favorable effect of the large 
sulfur-containing molecular plane on the operating potential was observed, i.e., the undesirable potential decrease 
due to the extension of the molecular plane, which was often observed for benzo-fused molecules, was suppressed 
by replacing the benzo-moiety with a sulfur-containing dithiin ring as the connector of the redox active moieties. A 
quantum calculation using the DFT method also theoretically supported the effect. This finding will be a guide for 
designing a new organic active material that can satisfy both the high energy density and long cycle-life 
requirements. 
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